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ABSTRACT 1 

The extensive usage of composite materials in the Siturn vehicle 
has required considerable effort in the development of nondestructive in- 
spection methods to evaluate the mechanical integrity of these materials. 
This report describes through-transmission and single-side acoustic 
methods applicable to the quality verification of composite panels. 
Some of the techniques discussed are "off the shelf." Others are 
believed to be unique. All of these inspection methods are discussed 
and illustrated to show their applicability to the quality verification 
of certain types of composite structure used in the Saturn. An attempt 
has been made to relate selected techniques to the acoustic character- 
istics of the materials used. 
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ACOUSTIC TECHNIQUES FOR THE NONDESTRUCTIVE 
EVALUATION OF ADHESIVELY BONDED COMPOSITE MATERIALS 
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By W. N. C l o t f e l t e r  

SUMMARY 

The e f f o r t s  t o  improve the  s t r eng th  t o  weight r a t i o  of materials 
f o r  a p p l i c a t i o n  i n  the  aerospace indus t ry  have r e s u l t e d  i n  t h e  develop- 
ment of honeycomb sandwich ma te r i a l s .  Probably the  most d i f f i c u l t  problem 
as soc ia t ed  wi th  these  m a t e r i a l s  is  the  v e r i f i c a t i o n  of t h e i r  s t r u c t u r a l  
i n t e g r i t y  nondes t ruc t ive ly .  
techniques which permit  eva lua t ion  of t he  m a t e r i a l  without  r e q u i r i n g  
access  t o  both s i d e s  s i n c e , a f t e r  i n s t a l l a t i o n  i n t o  a v e h i c l e ,  one s i d e  
of t h e  Eaterial may be e i t h e r  i naccess ib l e  o r  extremely d i f f i c u l t  t o  
reach.  However, s i n c e  probiem so lu t ion  i s  s impl i f i ed  i f  access  t o  both 
s i d e s  of t h e  material i s  ava i l ab le ,  experimental  s t u d i e s  have been made 
us ing  through t ransmiss ion  techniques.  The work has  e s t a b l i s h e d  the  
p r a c t i c a l i t y  of determining the  i n t e g r i t y  of sandwich materials with both 
s i n g l e  s i d e  and two s i d e  techniques,  thus pe rmi t t i ng  complete v e r i f i c a t i o n  
of sandwich material i n t e g r i t y  both before  and a f t e r  i n s t a l l a t i o n  i n t o  
a veh ic l e .  Not only has  t h i s  been demonstrated f o r  simple sandwich 
materials b u t  a l s o  f o r  complex sandwich materials which inc lude  such 
th ings  as in t e rmed ia t e  v a p o r b a r r i e r s  l i k e  those used i n  t h e  dual  s e a l  
cryogenic  i n s u l a t i o n  ma te r i a l .  

I n i t i a l  e f f o r t s  have been p laced  on u l t r a s o n i c  

INTRODUCTION 

The u t i l i z a t i o n  of composite materials i n  t h e  des ign  of launch 
v e h i c l e  s t r u c t u r e s  has  s igna led  a major advancement i n  des ign  technology, 
Already, composite m a t e r i a l s  have been used advantageously f o r  s e v e r a l  
a p p l i c a t i o n s  i n  launch veh ic l e s .  Furthermore, design s t u d i e s  have 
demonstrated s e v e r a l  p o t e n t i a l  app l i ca t ions  of composite materials 
which r e s u l t  i n  major vehicle  weight saving without  s a c r i f i c i n g  
performance. However, t o  assure  maximum r e l i a b i l i t y  i n  the  s t r u c t u r e ,  
a need e x i s t s  t o  develop nondes t ruc t ive  t e s t i n g  (NDT) techniques which 
can a s su re  a high q u a l i t y  composite material. An a p p l i c a t i o n  which 
i l l u s t r a t e s  the  need f o r  high qua l i t y  i n  the composite material i s  the  
c m o n  bulkhead i n  v e h i c l e  tankage t o  sepa ra t e  two cryogenic  p r o p e l l a n t s .  

The upper s t a g e s  (S-IV, S-IVB, and S-11) of both Sa turn  I and 
Sa turn  V u t i l i z e  l i q u i d  hydrogen (LH2) and l i q u i d  oxygen (LOX) as the  
f u e l  and o x i d i z e r ,  r e s p e c t i v e l y ,  I n  a l l  t h r e e  s t a g e s ,  a common bulkhead 
des ign  i s  u t i l i z e d  i n  the separa t ion  of L% and LOX. 
purpose of t h i s  paper  t o  d i scuss  the  merits of the common bulkhead design;  
however, t he  advantages from the s tandpoin t  of v e h i c l e  weight and he ight  

It i s  no t  t he  



are obvious when the  common bulkhead i s  compared t o  two s e p a r a t e  bulk- 
heads. Furthermore, t h e  u t i l i z a t i o n  of a composite material i n  t h e  
bulkhead has obvious advantages over o t h e r  design concepts  when one 
cons ide r s  t h a t  t h e  bulkhead must serve both  as a s t r u c t u r e  and as 
cryogenic  in su la t ion .  However, t he  c a p a b i l i t y  of a composite material 
t o  s a t i s f y  these  cond i t ions  i s  dependent upon t h e  q u a l i t y  of  t h e  material. 
Other composite material a p p l i c a t i o n s  are p red ic t ed  on the  assumption 
t h a t  t h e  ma te r i a l  i s  e s s e n t i a l l y  f l awles s ,  a cond i t ion  which has  no t  
been demonstrated c o n s i s t e n t l y .  
be discussed i n  t h i s  paper:  

Four types  of composite materials w i l l  

a. Bonded honeycomb cons t ruc t ion  c o n s i s t i n g  of metal f a c e  s h e e t s  
adhes ive ly  bonded t o  a r e in fo rced  p l a s t i c  honeycomb c o r e  

b. The "double sandwich" type of cons t ruc t ion  c o n s i s t i n g  of 
metal f a c e  shee t s ,  h e a t  r e s i s t a n t  phenol ic  and Mylar honeycomb c o r e s  
sepa ra t ed  by a t h i n  metallic vapor b a r r i e r ,  and adhes ive ly  bonded 
toge the r  

c.  Foam materials adhesively bonded t o  metal 

d. Balsa wood adhes ive ly  bonded t o  s teel .  

Exploded views of t he  c o n s t i t u e n t s  of composites f'af' through "d" 
are shown i n  FIG 1 through 4 ,  r e s p e c t i v e l y .  Since t h e  honeycomb materials 
are used i n  Sa turn  v e h i c l e s ,  most of t h e  r e p o r t  w i l l  be devoted t o  methods 
of inspec t ing  them. Ear ly  i n  the  Sa turn  program, des igne r s  were cons ider ing  
foam and ba l sa  wood composites f o r  cryogenic  i n s u l a t i o n .  Therefore ,  
s i n c e  these  m a t e r i a l s  may be of i n t e r e s t  t o  o t h e r  o rgan iza t ions ,  a 
l i m i t e d  amount of space i n  t h e  appendix w i l l  be g iven  t o  t h i s  area. 
The appendix w i l l  a l s o  inc lude  a d d i t i o n a l  in format ion  on honeycomb 
materials. 

Obviously, no s i n g l e  in spec t ion  technique can  be used t o  e f f e c t i v e l y  
eva lua te  a l l  of t h e s e  materials, 
wi th  varying degrees  of success .  
d i scussed  in  d e t a i l .  Others  w i l l  be eva lua ted  i n  gene ra l  t e r m s .  

Many techniques have been i n v e s t i g a t e d  
The most promising methods w i l l  be 

Many v a r i a b l e s  are involved i n  the  a c o u s t i c  eva lua t ion  of composite 
This  i s  e s p e c i a l l y  t r u e  i n  t h e  case of materials of t h e  honeycomb type. 

non-metal l ic  c o r e s  adhesively bonded t o  t h i n  metall ic f a c e  p l a t e s .  The 
geometry of t h e  co re ,  l a r g e  d i f f e r e n c e s  i n  e las t ic  p r o p e r t i e s  of  co re ,  
f a c e  p l a t e s ,  and adhesives ,  and t h e  complicated a c o u s t i c  c h a r a c t e r i s t i c s  
of t h i n  p l a t e s  make i t  d i f f i c u l t  t o  p r e d i c t  i n s p e c t i o n  r e s u l t s  t h e o r e t i c a l l y .  
Thus, a dual approach has  been followed i n  t h i s  development program. 
F i r s t ,  due to l imi t ed  t i m e ,  a t tempts  have been made t o  f i n d  o r  develop 
in spec t ion  methods t h a t  could be used t o  accomplish t h e  r equ i r ed  
materials eva lua t ion  t a s k s  without  t oo  much a t t e n t i o n  being g iven  t o  
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d e t a i l s  of t h e  phenomena involved. 
i n  r e l a t i n g  experimental  r e s u l t s  t o  t h e  b a s i c  acous t i c  p r o p e r t i e s  of 
t h e  materials. Some i n t e r e s t i n g  r e s u l t s  of t h i s  work w i l l  be  d iscussed .  

Secondly, some t i m e  has  been spent  

AREAS OF INVESTIGATION 

Through Transmission Techniques 

1. Water Coupled Methods 

Two major d $ f f i c u l t i e s  have been experienced by many people  i n  

(1) t h e  exac t  l o c a t i o n  of a r e a s  of debond cannot be d e t e r -  
t h e  t e s t i n g  of l a r g e  honeycomb s t r u c t u r e s  wi th  through t ransmiss ion  
techniques:  
mined wi th  r e s p e c t  t o  depth,  and (2) t ransducer  alignment. 

A technique has  been developed t o  minimize t h i s  alignment 
problem and t o  improve information p r e s e n t a t i o n  on the  osc i l l o scope  
( r e f .  1). The re ferenced  r e p o r t  desc r ibes  a continuous wave i n s p e c t i o n  
system c o n s i s t i n g  of a l a r g e  200 kc qua r t z  t r a n s m i t t e r  and a 2.25  mc 
l i t h i u m  su lpha te  r ece ive r .  An ordinary  o s c i l l a t o r  was used t o  ene rg ize  
t h e  transmitter, and a r e f l ec toscope  processed t h e  rece ived  s igna l .  
Good i n s p e c t i o n  r e s u l t s  were obtained wi th  the  t ransducers  misal igned by 
t h r e e  o r  fou r  inches.  Subsequently, t h e  qua r t z  t ransducer  has  been 
rep laced  wi th  an a i r  backed PZT type. Better specimen-penetrat ion and 
a range of f requencies  can be obtained wi th  the  PZT t ransducer ,  which i s  
i l l u s t r a t e d  in FIG 5.  C-scan record ings  t h a t  d e p i c t  w e l l  def ined  areas 
of debond have been made by us ing  t h i s  technique. A t y p i c a l  example of 
honeycomb debond i s  shown i n  FIG 6.  Although no s a t i s f a c t o r y  s o l u t i o n  
has  been found t o  t h e  problem of dep ic t ing  t h e  exac t  l o c a t i o n  of a d e f e c t  
wi th  r e s p e c t  t o  depth by us ing  through t ransmiss ion  techniques,  r e c e n t  
improvements have been made which are h e l p f u l .  

The PZT transducer  descr ibed above ope ra t e s  w e l l  i n  a wide range  
of s e l e c t e d  f requencies .  This t ransducer  has  been e s p e c i a l l y  u s e f u l  
i n  t h e  in spec t ion  of  composite ma te r i a l s  of t h e  metal-foam type. A 
l i q u i d  l e n s  has  been used t o  shape t h e  sound f i e l d .  The beam can  be 
made wide when probe alignment i s  a problem, o r  i t  can be made sharp f o r  
increased  p e n e t r a t i n g  power. Figures  7 and 8 show t y p i c a l  beam p r o f i l e s  
t h a t  were obta ined  wi th  a PZT transducer  and a l i q u i d  l e n s .  

Perhaps the  most s i g n i f i c a n t  improvement i n  through inspec t ion  
techniques i s  the  demonstration or  proof t h a t  c e r t a i n  a c o u s t i c  p r o p e r t i e s  
of t h i n  honeycomb panels  are exac t ly  the same as those of t h i n  s o l i d  
s h e e t s  having t h e  same thickness/wavelength r a t i o s .  Pane ls  are descr ibed  
as " thin"  i n  terms of t he  wavelength of sound i n  the  s p e c i f i c  specimen. 
Details are d iscussed  below. 
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The acous t i c  c h a r a c t e r i s t i c s  of t h i n  shee t s  of material have been 
w e l l  e s t ab l i shed  ( ref .  2 ) .  Rayleigh d id  most ly  t h e o r e t i c a l  work ( re f .  3) 
R.  W .  Boyle, T .  F.  Lehmann,and o t h e r s  performed l abora to ry  measurements 
y i e l d i n g  the fol lowing information.  The r e l a t i v e  amounts of a c o u s t i c  
energy r e f l e c t e d ,  t ransmi t ted ,and  absorbed when sound waves impinge on 
a t h i n  p l a t e a r e  determined by t h e  angle  of inc idence ,  t h e  a c o u s t i c  
impedance of t he  p l a t e ,  t h e  a c o u s t i c  impedance of t h e  coupl ing medium, 
and t h e  thickness  of t h e  specimen. Material th ickness  l o s e s  much of 
i t s  s ign i f i cance  when t h e  specimen i s  s e v e r a l  wavelengths o r  more t h i c k .  
A formula fo r  t h e  s p e c i a l  case  of t h i n  p l a t e s  and normal inc idence  
of sound i s  given below. 

where: R = Rat io  of r e f l e c t e d  t o  i n c i d e n t  energy 

V1 = Veloc i ty  of  sound i n  f i r s t  medium o r  water 

V 2  = Veloc i ty  of sound i n  second medium 

P and P = Densi ty  of f i r s t  and second mediums, 
r e s p e c t i v e l y  

d = Thickness of  p l a t e  

ir = Wavelength of sound i n  specimen 

1 

Acoustic impedance i s  equal  t o  t h e  v e l o c i t y  of sound i n  a medium 
times t h e  dens i ty  of t h e  medium. This  i s  t r u e  f o r  any m a t e r i a l  t h i ckness .  
The s p e c i a l  a c o u s t i c  c h a r a c t e r i s t i c  of t h i n  p l a t e s ,  which i s  t h e i r  
frequency s e n s i t i v i t y ,  i s  explained by t h e  express ion  " 4  c o t  2 nd" 
i n  t h e  formula above. A 

2 

Honeycomb panels  with HRP cores  which a r e  adhes ive ly  bonded t o  t h i n  
m e t a l  f ace  shee t s  a r e  a l s o  very  frequency s e n s i t i v e .  This  i s  t r u e  f o r  
both through t ransmission and pulse  echo techniques .  
a r e  discussed l a t e r .  I n  t h e  case  of through t ransmiss ion ,  t h e  frequency 
s e n s i t i v i t y  i s  r e l a t e d  t o  t h e  combined m e t a l ,  adhesive,  and honeycomb 
th ickness  o f  t h e  panel i n  e x a c t l y  t h e  saqe manner as f o r  s o l i d  panels  
of t h e  same thickness/wavelength r a t i o .  F igure  9 i l l u s t r a t e s  t h i s .  A s  
observed from the  formula, t h e  r e f l e c t e d  energy v a r i e s  from zero  when t h e  
specimen i s  a h a l f  wavelength t h i c k  t o  a maximum f o r  specimen th ickness  

-A Of course ,  t r ansmi t t ed  va lues  a r e  j u s t  
4 of -:- o r  an odd m u l t i p l e  of 

oppos i te .  
f requencies  a r e  chosen t o  make t h e  specimen th ickness  equal  t o  a h a l f  
wavelength o r  a m u l t i p l e  of t h e  h a l f  wavelength.  
4 

Pulse  echo techniques 

The b e s t  through trAnsmission f l a w  d e t e c t i o n  i s  obtained when 

Since  maximum 

4 
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t ransmiss ion  then i s  obtained fo r  a wel l  bonded specimen, a g r e a t e r  change 
i s  observed when a debond occurs  than f o r  o t h e r  f r equenc ie s .  The s i g -  
n i f i c a n t  po in t  i s  not  t o  s e l e c t  f requencies  near  t h e h  4 a t t e n u a t i o n  i s  h igh  even f o r  w e l l  bonded composites.  

va lue  s i n c e  

The d i scuss ion  above ind ica t e s  t h a t  t h e  v e l o c i t y  o f  sound through 
composite panels  can be measured i n  t h e  same way t h a t  v e l o c i t y  i s  
measured i n  t h i n  s o l i d  p l a t e s .  Since v e l o c i t y  = f ,  i t  i s  only necessary  
t o  measure specimen th ickness  and t o  determine t h e  lowest  frequency 
t h a t  can p e n e t r a t e  t h e  panel  with near  zero a t t e n u a t i o n  t o  determine the  
v e l o c i t y .  Th i s  lowest frequency i s  equal t o  a h a l f  wavelength of sound 
i n  t h e  mater ia l .  Thus, only a simple c a l c u l a t i o n  i s  r equ i r ed .  However, 
c a r e  should be exerc ised  because m u l t i p l e s  of  t h i s  lowest frequency a l s o  
p e n e t r a t e  w e l l .  Perhaps t h i s  through t ransmiss ion  technique could be 
developed so  t h a t  t h e  exac t  l oca t ion  of debonds could be  determined wi th  
r e s p e c t  t o  depth  i n  a panel .  Since through t ransmiss ion  of  t h i s  type  cannot 
be used a f t e r  t h e  bulkhead i s  i n s t a l l e d  i n  t h e  v e h i c l e ,  experimental  
development of t h i s  approach w a s  stopped t o  a l low t i m e  f o r  o t h e r  work. 

2 .  A i r  Coupled Through - Transmission Inspec t ion  Techniques 

A cryogenic  i n s u l a t i n g  m a t e r i a l  t h a t  i s  composed of  two l a y e r s  
of honeycomb core  separa ted  by a vapor b a r r i e r  has been developed a t  t h e  
Marsha l l  Center  and des igna ted  “dual seal in su la t ion . ”  An exploded 
view of t h i s  i s  shown i n  FIG 2 .  This  composite m a t e r i a l  i s  very  l i g h t  
and has very  good thermal p rope r t i e s .  However, techniques t h a t  are 
u s e d t o  i n s p e c t  composites wi th  HRP type cores  were found t o  be inadequate  
f o r  t h i s  i n s u l a t i o n .  Experiments e s t a b l i s h e d  t h e  d i f f i c u l t y  of pene t r a t ing  
t h i s  material wi th  high frequency sound by us ing  convent ional  u l t r a s o n i c  
equipment. Mylar honeycomb caused most of t h e  h igh  frequency a t t e n u a t i o n ,  
Pene t r a t ion  could be  obtained t o  a l imi t ed  ex ten t  wi th  some of t h e  lower 
u l t r a s o n i c  f requencies ,  b u t  debond d e t e c t i o n  w a s  very  poor.  Most of  
t h i s  d i f f i c u l t y  w a s  due t o  the  complex s t r u c t u r e  of t h e  pane l ,  bu t  p a r t  
w a s  due t o  t h e  rough su r face  on one s i d e  of t h e  mater ia l .  Therefore ,  
a new approach w a s  made which involved a i r  coupled sound gene ra to r s  such 
as s i r e n s ,  loud speakers ,  a i r  j e t s ,  and a i r  backed c r y s t a l s .  Receiving 
t r ansduce r s  which were inves t iga t ed  included microphones, u l t r a s o n i c  
l e a k  d e t e c t o r s ,  and c r y s t a l s .  I n i t i a l  t e s t s  were no t  success fu l ;  no t  
enough d i f f e r e n c e  could be obtained between t h e  a t t e n u a t i o n  of a wel l  bonded 
specimen and one conta in ing  debonds. It w a s  t heo r i zed ,  which l a t e r  
proved t o  be  c o r r e c t ,  t h a t  t h e  energy l e v e l  of t h e s e  low frequency s i g n a l s  
w a s  t oo  high s i n c e  audio frequencies  p e n e t r a t e  e a s i l y .  When t h e  power 
of t h e  t r a n s m i t t e r s  w a s  c u t  and increased  ampl i f i ca t ion  w a s  provided i n  
t h e  r e c e i v i n g  c i r c u i t ,  good r e s u l t s  w e r e  ob ta ined .  Typica l  o sc i l l o scope  
p a t t e r n s  are shown i n  FIG 10. The advantages of a i r  coupl ing are  numerous. 
A s  shown i n  FIG 11, one su r face  of t h e  panel i s  very  rough. A i r  coupl ing 
e l imina te s  v a r i a b l e  con tac t  problems as wel l  as water, g rease ,  and o the r  
couplants .  Transducer alignment d i f f i c u l t i e s  are e l imina ted  s i n c e  a 
t r a n s m i t t e r  can be placed i n  the c e n t e r  of a tank remaining i n  a f ixed  
p o s i t i o n  as r e c e i v e r s  scan t h e  ou t s ide .  
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Although good r e s u l t s  have been obta ined  with a very  l imiced . number of specimens i n  the  l abora to ry ,  more work i s  needed. The r e c e i v e r s  
should be more s e n s i t i v e  and made frequency s e l e c t i v e  by the  a d d i t i o n  of 
v a r i a b l e  band pass  f i l t e r s .  Sound gene ra to r s  should be c a r e f u l l y  eva l -  
ua ted  i n  terms of t h e  r e l a t i v e  amplitude of va r ious  frequency components. 

S ing le  Side Inspec t ion  Techniques 

1. A Swept' Frequency Method 

Very l imi t ed  success  was a t t a i n e d  i n  in spec t ing  honeycomb panels  
w i th  the  Coindascope.* It i s  no t  d i f f i c u l t  t o  determine the  presence o r  
t h e  absence of a bond a t  t he  metal-adhesive i n t e r f a c e ;  however, t he  l a r g e  
change i n  acous t ic  impedance makes i t  much more d i f f i c u l t  t o  eva lua te  the  
adhesive-honeycomb co re  bond f o r  composites wi th  non-metal l ic  co res .  
Because of t h i s  d i f f i c u l t y ,  t he  problem of wave shape i n t e r p r e t a t i o n ,  
and the  requirement f o r  "C-scan" r eco rds ,  t h i s  instrument  i s  considered 
u n s a t i s f a c t o r y  as the  major i n spec t ion  device  f o r  common bulkheads i n  
the  Sa turn  veh ic l e .  

2 .  The Inspec t ion  of Composite Panels  With Surface Waves 

An e f f e c t i v e  technique f o r  spo t  checking honeycomb panels  i n -  
vo lves  the  absorp t ion  of su r face  waves by adhesive bonds. Two t r a n s -  
ducers  a r e  mounted so t h a t  one can r ece ive  energy which i s  t r ansmi t t ed  
by the  o t h e r .  When these  t ransducers  are proper ly  coupled t o  a specimen, 
debonds a r e  ind ica t ed  by an inc rease  i n  the  rece ived  energy s i n c e  good 
bonds absorb the  sound. This  i s  i l l u s t r a t e d  i n  FIG 14. The major 
requirements  inc lude  good coupl ing and wavelengths t h a t  are g r e a t e r  than 
t h e  th ickness  of t he  f ace  shee t .  Both bond l i n e s  can be inspec ted  t h i s  
way. Theore t i ca l ly ,  i t  should be p o s s i b l e  t o  determine which i n t e r f a c e  
i s  no t  bonded by changing the  frequency of t h e  su r face  waves; however, 
t he  l i m i t e d  amount of work done i n  the a r e a  has no t  demonstrated t h i s .  
Although su r face  waves show much promise, t h i s  method w i l l  n o t  be con- 
s ide red  p r a c t i c a l  f o r  a major bulkhead in spec t ion  t o o l  u n t i l  b e t t e r  
coupl ing and scanning techniques can be developed. 

Figures  12 and 13' show simulated d e f e c t s  a f t e r  s epa ra t ion  of t h e  
s k i n  from the core.  Figure 14 shows photographica l ly  the  p o s i t i v e  
i n d i c a t i o n s  of debonds which a r e  obta ined  wi th  su r face  waves. 

3 .  A Double Probe Technique 

Several  companies b u i l d  t ransducers  conta in ing  two c r y s t a l s  
which a r e  s ide  by s i d e .  These c r y s t a l s  are connected independent ly  t o  a 
t r a n s m i t t e r  and t o  a r ece ive r  of u l t r a s o n i c  energy. When the  probe i s  
appl ied  t o  the su r face  of a panel  over a w e l l  bonded area, a minimum of 

. 

L 

I 

Y 

* Tradename, Pioneer  I n d u s t r i e s ,  Divis ion Almar-York Company, I n c . ,  
3455 West Vickery Boulevard, F o r t  Worth, Texas 
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energy w i l l  be  r e f l e c t e d  i n t o  t h e  r e c e i v e r .  When a debond occurs ,  a 
g r e a t e r  percentage of t h e  i n c i d e n t  energy i s  r e f l e c t e d .  Debonds a t  both 
i n t e r f a c e s  may be loca ted  wi th  t h i s  technique; however, i t  i s  d i f f i c u l t  
t o  determine i f  t he  d e f e c t  i s  near  the s k i n  o r  near  the  co re .  

Osc i l loscope  p a t t e r n s  are shown i n  FIG I h f o r  w e l l  bonded 
and f o r  d e f e c t i v e  areas of a honeycomb panel .  These o s c i l l o s c o p e  
p a t t e r n s  are of t h e  pane l  which i s  shown i n  FIG 12  and 13. A l i m i t e d  
number of C-scan record ings  have been made us ing  t h i s  technique. Although 
f a i r  records  were obta ined  by us ing  t h i s  double t ransducer  technique,  i t  
i s  considered more s u i t a b l e  as a s p o t  checking method. More work i s  
needed i n  t h i s  area. 

4 .  Pul se  Echo Techniques 

Usual ly ,  a f r o n t  su r f ace  r e f l e c t i o n ,  a back su r face  echo, and 
in t e rmed ia t e  r e f l e c t i o n s  from d e f e c t s  are expected when p u l s e  echo 
techniques are used. Re f l ec t ions  from a honeycomb panel  are e n t i r e l y  
d i f f e r e n t .  It i s  extremely d i f f i c u l t  t o  o b t a i n  echoes from t h e  back 
s i d e  of t he  pane l  because both adhesive m a t e r i a l s  and honeycomb absorb 
so much sound. Echoes from t h e  f r o n t  s u r f a c e ,  from the  back su r face  of  
t h e  f a c e  p l a t e ,  and from t h e  adhesive l a y e r  merge when t h i n  p l a t e s  
are used and make i t  d i f f i c u l t  t o  r e so lve  amplitude d i f f e r e n c e s  because 
of s m a l l  debonds. Some debonds between the  f a c e  p l a t e  and adhesive l a y e r  
can be de t ec t ed ,  bu t ,  i n  gene ra l ,  t he  simple pu l se  echo technique i s  un- 
s a t i s f a c t o r y  f o r  t he  in spec t ion  of ma te r i a l s  with non-metal l ic  honeycomb 
cores .  

When pulsed r a d i o  frequency energy i s  rep laced  wi th  s i n g l e  
s h a r p . p u l s e s ,  b e t t e r  r e s o l u t i o n  of the  f i r s t  boundary d e f e c t s  i s  obta ined  
as shown i n  FIG 16. 

5 .  A Combination Method Based on Damping and Impedance Var i a t ions  

A s  i n d i c a t e d  be fo re ,  t h e  acous t i c  c h a r a c t e r i s t i c s  of t h i n  p l a t e s  
and panels  have been w e l l  e s t ab l i shed .  
c h a r a c t e r i s t i c s  i s  repea ted  he re  f o r  convenience. 

A formula desc r ib ing  these  
. 

R =  

\ / 
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where : 

R = Rat io  of r e f l e c t e d  t o  i n c i d e n t  energy 

I V1 = Veloc i ty  of sound i n  coupl ing medium 

V2 = Velocit$ of sound i n  second medium 

sP1 and P2 = Density of f i r s t  and second mediums, r e s p e c t i v e l y  

d = Thickness of p l a t e  

k =  Wavelength of sound i n  specimen 

A s tudy  of the  formula shows t h a t  when p l a t e  th ickness  i s  
equal  t o  a h a l f  wavelength of sound w i t h i n  t h e  p l a t e  maximum energy 
w i l l  pa s s  through. 
an odd mul t ip l e  of a qua r t e r  wavelength, maximum energy w i l l  be r e f l e c t e d  
from t h e  sur face .  

When specimen th ickness  i s  a q u a r t e r  wavelength o r  

A method of eva lua t ing  honeycomb materials from one s i d e  
has  been developed which can  be explained by the  acous t i c  c h a r a c t e r i s t i c s  
of t h i n  p l a t e s  i nd ica t ed  above. 
t h i n  metal  s h e e t s  adhesively bonded t o  honeycomb co res  p r e s e n t  a problem 
more involved than t h e  case  f o r  a s i n g l e  shee t .  However, t h e  formula 
expressed above s t i l l  expla ins  most of t he  experimental  r e s u l t s ,  even 
i n  t h i s  more complicated specimen. 

However, pane l s  which are composed of 

Thus, t h e  b e s t  method of eva lua t ing  HRP honeycomb panels  
from one s i d e  i s  based on resonance phenomena and acous t i c  impedance 
v a r i a t i o n s  al though p u l s e  echo equipment i s  used.  

D e t a i l s  of t h i s  technique are depic ted  i n  FIG 1 7 ,  18, and 
19. The osc i l l o scope  p a t t e r n  of FIG 19a i l l u s t r a t e s  t h e  case of a 
w e l l  bonded panel .  
changes i f  debonds a t  the metal-adhesive and adhesive-core i n t e r f a c e s ,  
r e spec t ive ly ,  should e x i s t .  
adhesive debond. Metal th ickness  i n  t h i s  case i s  almost e x a c t l y  a h a l f  
wavelength, so undamped p l a t e  resonance produces a r ing ing  e f f e c t .  An 
example of adhesive-core debond i s  shown i n  the second g a t e  of FIG 
Notice t h a t  l i t t l e  change occurs  i n  t h e  f i r s t  g a t e  s i n c e  w e l l  bonded 
adhesive dampens t h e  r ing ing  e f f e c t .  However, s i n c e  the  metal f a c e  
p l a t e  i s  a ha l f  wavelength th i ck ,  maximum energy i s  a v a i l a b l e  a t  t h e  
metal-adhesive i n t e r f a c e  t o  p e n e t r a t e  t he  adhesive.  Thus, t h i s  increased  
r e f l e c t i o n  a t  the  second g a t e  i s  simply due t o  t h e  f a c t  t h a t  no bond ex- 
i s t s  a t  the c o r e  t o  absorb t h i s  increased  flow of energy through the  
f a c e  p l a t e  and adhesive,  so i t  i s  r e f l e c t e d .  Expressed d i f f e r e n t l y ,  t h e  
acous t i c  impedance of t he  whole pane l ,  n o t  j u s t  t he  e las t ic  p r o p e r t i e s  
of the  metal  f a c e  p l a t e ,  a f f e c t s  t he  r a t i o  of r e f l e c t e d  t o  i n c i d e n t  
energy. 

The f i r s t  and second g a t e s  would i n d i c a t e  s i g n a l  

Figure 19b shows the  e f f e c t  due t o  a metal- 

19c. 

The inc reas ing  d i f f e r e n c e  between bond and debond cond i t ions  
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with  each success ive  echo i s  b e s t  explained by the  s h i f t  i n  acous t i c  
impedance. Since t h e  co re  does not  absorb energy when a debond e x i s t s ,  
t he  exponent ia l  decay of r e f l e c t e d  energy i s  less s t e e p ,  and a g r e a t e r  
change i n  r e f l e c t e d  energy occurs  between the  bond and debond condi t ions  
w i t h  each success ive  echo. 
t o  o b t a i n  the  C-scan record ings .  

Thus, t h e  seventh o r  e i g h t h  echo i s  ga ted  

Figure 20 i s  a C-scan recording of HRP panel  number 10. 
The top scan r e p r e s e n t s  d e f e c t s  near  the metal, and t h e  lower p i c t u r e  
i n d i c a t e s  debonds near  t he  core .  The l a r g e  c e n t e r  debond i s  shown on 
both scans,  as i t  should,  s i n c e  i t  i s  not  bonded t o  e i t h e r  su r face .  
For b e s t  r e s u l t s ,  t h i s  technique requi red  two record ing  channels .  

CONCLUSIONS 

The i n v e s t i g a t i o n  which has been descr ibed i n  t h i s  r e p o r t  demon- 
strates t h a t  acous t i c  techniques can be developed f o r  the  e f f e c t i v e  
nondes t ruc t ive  eva lua t ion  of complex adhesively bonded materials.  This 
i s  e s p e c i a l l y  s i g n i f i c a n t  when the  composites are cha rac t e r i zed  by high 
sound a t t e n u a t i o n  and by l a r g e  v a r i a t i o n s  i n  acous t i c  impedance of t he  
component mater i a1 s . 

When composite pane ls  conta in ing  HRP honeycomb co re  are t o  be 
in spec ted ,  t he  combination technique i s  recommended. Although a specimen 
must be scanned from both  s i d e s  (one s i d e  a t  a t i m e ) ,  t h e  exact l o c a t i o n  
of a d e f e c t  wi th  r e s p e c t  t o  depth wi th in  t h e  pane l  can be determined. 
Standard u l t r a s o n i c  ins t rumenta t ion  can be used, and C-scan record ings  
are e a s i l y  obta ined .  I f  t he re  i s  any doubt about t h e  exac t  cond i t ion  
of s p e c i f i c  areas of a specimen, spot  checks can be made. E i t h e r  t he  
s u r f a c e  wave o r  t he  double probe technique may be used e f f e c t i v e l y  f o r  
these  s p o t  eva lua t ions .  

A l i m i t e d  amount of time has  been spent  i n  developing techniques 
f o r  t h e  in spec t ion  of "Dual Sea l  Insu la t ion ."  
t h a t  audio frequency techniques can be developed f o r  thks  purpose. 

This  work c l e a r l y  i n d i c a t e s  

E f f o r t s  are being d i r e c t e d  p resen t ly  toward methods of i n spec t ing  
a l l  of t h e  i n t e r f a c e s  of an HRP panel from a s i n g l e  s i d e  and the  
ref inement  of t h e  audio frequency techniques f o r  the  in spec t ion  of "Dual 
Sea l  I n s u l a t i o n .  I '  
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FIGURE 3 FOAM INSULATION 
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F IGURE 4 BALSA WOOD INSULATION 13  
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FIGURE 6 A TYPICAL “C-SCAN” RECORDING 16 
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FIGURE 8 A SHARPLY MODIF IED SOUND F IELD 
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a.  Good Bond 

b.  Poor B o n d  

FIGURE 10 AN “ A ”  SCOPE EVALUATION OF DUAL SEAL INSULATION 
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FIGURE 12 DESTRUCTIVE EVALUATION O F  A H R P  P A N E L  (COVER PLATE) 
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FIGURE 14 SPOT EVALUATION W I T H  SURFACE WAVES 
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FIGURE 15 DOUBLE PROBE EVALUATION 
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F IGURE 16 “C-SCAN” OBTAINED W I T H  SHOCK PULSES 
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l a .  N o  Defec ts  I n d i c a t e d  i 

b.  Meta l -Adhesive Debond 

c .  Adhesive-Core Debond 

FIGURE 19 NONDESTRUCTIVE EVALUATION OF A REFERENCE PANEL 
2 9  





c 

F I G U R E  20b “C-SCAN” OF ADHESIVE-CORE DEBONDS 
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APPENDIX 
I 

ADDITIONAL EXAMPLES OF THE "COMBINATION" INSPECTION 
TECHNIQUE ARE GIVEN. TECHNIQUES FOR EVALUATING INSULATING 
MATERIALS INVOLVING THE USE OF FOAM AND BALSA WOOD ARE 
DEPICTED . 
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FIGURE 2 1  EVALUATIONS OBTAINED WITH THE COMBINATION TECHNIQUE 
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F I GUR E 22 “C-SCAN ’LTH E COMB I NAT ION TECH N IQU E 
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I n c r e a s e d  S i g n a l  In T h e  G a t e  I n d i c a t e s  

D e b o n d  N e a r  T h e  C o r e  

FIGURE 23 EVALUATION OF DEBOND "D" S H O W N  IN T H E  FOLLOWING 
PHOTOGRAPH 
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F I G U R E  26 D O U B L E  TRANSDUCER E V A L U A T I O N  O F  ';;'STEEL A N D  1" 
B A L S A  W O O D  C O M P O S I T E  
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Debond Near  Foam 

Debond N e a r  M e t a l  

FIGURE 2 7  SURFACE W A V E  EVALUATION OF ALUMINUM-FOAM COMPOSITE 
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